Introduction {#sec1}
============

Diabetic nephropathy (DN) is the leading cause of chronic kidney disease (CKD), and it accounts for nearly 30%--50% of people requiring renal replacement therapy in the world.[@bib1] DN results in an enormous burden on affected individuals and health-care systems. Mesangial cells (MCs) play a pivotal role in maintaining glomerular structure and function, with their contractility supporting the structure of capillary loops and modulating glomerular filtration.[@bib2] Numerous data show that MC loss is correlated with worsening of albuminuria and renal function in DN.[@bib3], [@bib4] Consequently, regulating MC number is a principal goal in the treatment of DN.

The angiopoietin (Angpt)/Tie ligand-receptor system tightly controls the endothelial phenotype during angiogenesis and vascular inflammation.[@bib5] Angpt1-mediated Tie2 phosphorylation maintains structural integrity of the vasculature, protects endothelial cells from apoptosis, and inhibits permeability and inflammatory responses.[@bib6], [@bib7] Angpt2 is expressed and stored in Weibel-Palade bodies of endothelial cells.[@bib8] The rapid release of Angpt2 from endothelial cells occurs under activation of the endothelium by different endothelial cytokines (vascular epithelial growth factor and tumor necrosis factor) and environmental cues (hypoxia, superoxides, and high glucose).[@bib9], [@bib10], [@bib11] An elevated concentration of Angpt2 disrupts Angpt1/Tie2 signaling by preventing Angpt1 from binding to the Tie2 receptor,[@bib7], [@bib9], [@bib10] and it contributes to destabilization of the endothelium.[@bib8] An elevated concentration of Angpt2 has been found in patients with diabetes.[@bib12] Angpt2 not only triggers an inflammatory response[@bib11] but also leads to pericyte loss and apoptosis in the diabetic retina.[@bib13] Our previous study demonstrated a significant association between elevated circulating Angpt2 and rapid decline in renal function, resulting in commencing dialysis for patients with DN.[@bib14] However, the pathophysiological mechanism of Angpt2 mediating DN, especially in MCs, is unknown.

MicroRNAs (miRNAs) are a class of small non-coding RNAs that regulate gene expression at the posttranscriptional level by binding to target sequences within the 3′ UTR of mRNA.[@bib15] miRNAs have been found in various organisms, and they are regarded as powerful regulators of gene expression and cellular phenotypes. They participate in a variety of biological processes, such as cell proliferation, apoptosis, hematopoiesis, and immune response, and they affect many diseases, including cancers, infectious diseases, and diabetes.[@bib16] Accumulating data show that miRNAs are involved in the pathogenesis of DN. In mice with DN, intrarenal miR-192 and miR-377 levels were upregulated, which facilitated tissue collagen 1-alpha 1 and fibronectin production.[@bib17], [@bib18] Higher expression of several miRNAs, such as miR-200b/c, miR-216a, and miR-217, has been detected in mouse MC treated with transforming growth factor beta 1 (TGF-β1) and in renal glomeruli from mouse models of diabetes.[@bib19], [@bib20] The dysregulation of miRNAs can lead to DN, and, therefore, miRNAs have potential as biomarkers and predictors of clinical disease progression.[@bib21], [@bib22] Nevertheless, what role miRNAs play in regulating the pathophysiological signal pathway of Angpt2 in DN has not yet been well explored.

We hypothesized that Angpt2 augments MC apoptosis and that miRNAs may be involved in Angpt2 mediating the signal pathway and predicting renal function in DN. We conducted this cross-disciplinary study, including human, *in vivo* and *in vitro* studies, to examine the molecular mechanisms of Angpt2 driving MC apoptosis. The results demonstrate that Angpt2 induces apoptotic cell death in MCs by miR-33-5p downregulation, which directly binds to its target, suppressor of cytokine signaling 5 (SOCS5), leading to the inhibition of the survival pathway of Janus kinase 1 (JAK1)/signal transducer and activator of transcription 3 (STAT3) in DN.

Results {#sec2}
=======

Increased Serum Angpt2 and a Positive Correlation between Angpt2 and Urinary Albumin-Creatinine Ratio in db/db Mice and Type 2 Diabetes Mellitus Patients {#sec2.1}
---------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate the association of kidney function with Angpt2, we examined serum and urinary Angpt2 in db/m mice (n = 3) and db/db mice (n = 3). We found that serum Angpt2 levels are higher in db/db mice than in db/m mice ([Figure 1](#fig1){ref-type="fig"}A). The positive correlation between serum Angpt2 and urinary albumin-creatinine ratio (ACR) is shown in [Figure 1](#fig1){ref-type="fig"}B.Figure 1Serum Angiopoietin-2 Is Positively Correlated with Urinary Albumin-Creatinine Ratio in Diabetes Mellitus(A) Serum Angiopoietin-2 (Angpt2) was more elevated in db/db mice (n = 3) than in db/m mice (n = 3). (B) A positive correlation between urinary albumin-creatinine ratio (ACR) and serum Angpt2 was found in mice. (C) Serum Angpt2 was more elevated in type 2 diabetes mellitus (DM) patients (n = 63) than in healthy individuals (n = 34). (D) A positive correlation between urinary ACR and serum Angpt2 was also found in human participants. Magnetic Luminex Assay was used to assess serum Angpt2. Urine albumin was measured using an immunoturbidimetric assay, and urine creatinine was determined by the enzymatic method. The bar graph represents the mean ± SEM. \*p \< 0.05 by two-tailed Student's t test. p value of correlation by Spearman analysis.

We enrolled 63 type 2 diabetes mellitus (DM) patients and 34 healthy individuals in our study. Characteristics of the study participants are shown in [Table S1](#mmc1){ref-type="supplementary-material"}. Type 2 DM patients had higher serum Angpt2 levels compared to healthy individuals ([Figure 1](#fig1){ref-type="fig"}C), and serum Angpt2 was positively correlated with urinary ACR in all study participants ([Figure 1](#fig1){ref-type="fig"}D). Besides, lower serum Angpt1 levels and a higher serum Angpt2:Angpt1 ratio were found in type 2 DM patients compared to healthy individuals ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B), and serum Angpt2:Angpt1 ratio was also positively associated with urinary ACR in all study participants ([Figure S1](#mmc1){ref-type="supplementary-material"}C). There was a slight elevation of urinary Angpt2 levels in both db/db mice and type 2 DM patients, but concentrations of Angpt2 were very low ([Figure S2](#mmc1){ref-type="supplementary-material"}). These results support our hypothesis that circulating Angpt2 may play a pathogenic role in DN.

Angpt2 Exhibits a Synergistic Effect on the Induction of Intrinsic Proapoptotic Pathway in Mouse Mesangial Cells through Tie2 Receptor under High Glucose Condition {#sec2.2}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

MC apoptosis has been found in DN, which correlates with worsening albuminuria.[@bib3], [@bib4] Thus, we determined whether Angpt2 reinforces cell death in MCs under a high-glucose (HG) condition. Angpt2 alone decreased mouse MC (MMC) viability under a normal-glucose (NG) condition ([Figure 2](#fig2){ref-type="fig"}A). HG reduced cell viability of MMCs, and Angpt2 aggravated the decrease in cell viability under the HG condition. Next, MMC apoptosis was examined by Annexin-V/propidium iodide (PI) double staining using flow cytometry. HG caused MMC apoptosis ([Figure 2](#fig2){ref-type="fig"}B). As expected, Angpt2 significantly induced MMC apoptosis alone under an NG condition, and Angpt2 aggravated MMC apoptosis under an HG condition at 48 hr. Similarly, caspase-3 activity increased in MMCs under an HG condition, and Angpt2 augmented caspase-3 activation in MMCs treated with HG ([Figure 2](#fig2){ref-type="fig"}C). These findings show that Angpt2 plays a synergistic role in MMC apoptosis under an HG condition.Figure 2Angpt2 Exhibits a Synergistic Effect on the Induction of Apoptosis in Mouse Mesangial Cells through Tie-2 Receptor under a High Glucose Condition(A) The effect of Angpt2 on cell viability of mouse mesangial cells (MMCs). MMCs were incubated for 48 hr with or without Angpt2 (300 ng/mL) under normal glucose (NG, 5.5 mM) or high glucose (HG) (25 mM) condition. Cell viability was assessed by WST-1 assay. (B) Angpt2 enhanced cell death under an HG condition in MMCs. MMCs were double stained with Annexin-V fluorescein isothiocyanate and PI and analyzed by flow cytometry. Cell apoptosis was expressed as the percentage of cells with Annexin-V and PI double staining in total cell populations. (C and D) Angpt2 aggravated caspase-3 (C) and caspase-9 (D) activation in MMCs treated with HG for 48 hr. (E and F) Angpt2 reduced B cell lymphoma 2 (Bcl-2) (E) and B cell lymphoma-extra large (Bcl-XL) (F) protein expression in MMCs under HG for 36 hr. The activities of caspase-3 and caspase-9 were detected by fluorescent caspase assay kits. Bcl-2 and Bcl-XL protein levels were assessed by western blotting. (G) Tie2 receptor involves Angpt2-mediated apoptosis in MMCs under an HG condition. MMCs were pre-incubated either with Tie2 antibody (5 μg/mL) or IgG (5 μg/mL) for 2 hr and treated with Angpt2 for another 48 hr under an HG condition. The bar graph represents the mean ± SEM of at least three independent experiments. \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.001 by ANOVA followed by the post hoc test adjusted with a Tukey correction.

HG has been proven to evoke an intrinsic proapoptotic signaling pathway in MCs.[@bib4] As expected, caspase-9 activity increased in MMCs under an HG condition at 36 hr ([Figure 2](#fig2){ref-type="fig"}D). Angpt2 augmented caspase-9 activity in MMCs treated with HG. Western blot studies also confirmed that Angpt2 induced an MMC apoptotic pathway with the decrease in B cell lymphoma 2 (Bcl-2) and B cell lymphoma-extra large (Bcl-XL) under NG and HG conditions at 36 hr ([Figures 2](#fig2){ref-type="fig"}E and 2F).

Elevated Angpt2 disrupts Angpt1/Tie2 signaling by preventing Angpt1 from binding to the Tie2 receptor.[@bib7], [@bib9], [@bib10] To investigate the binding receptor of Angpt2, anti-Tie2 antibody was used to determine the role of Tie2 receptor in Angpt2-induced apoptosis in MMCs. As shown in [Figure 2](#fig2){ref-type="fig"}G, Angpt2 increased the apoptosis of MMCs under an HG condition, and anti-Tie2 antibody prevented the synergistic effect of Angpt2 on apoptosis induction in MMCs. This result indicates that Tie2 is the major receptor contributing to Angpt2-mediated apoptosis in MMCs under an HG condition.

Identification of Potential miRNA in Angpt2-Treated MMCs under an HG Condition {#sec2.3}
------------------------------------------------------------------------------

Increasing evidence has revealed that miRNAs participate in the pathophysiologic mechanisms of DN.[@bib17], [@bib18], [@bib19], [@bib20] Based on our findings, Angpt2 caused MMC apoptosis and was correlated with the severity of albuminuria in human beings. Thus, we investigated whether Angpt2 induced MMC apoptosis via miRNAs. The flowchart of identification of potential miRNAs is shown in [Figure 3](#fig3){ref-type="fig"}A. The profiles of small RNA from MMCs treated with HG or HG + Angpt2 for 48 hr were analyzed by next-generation sequencing (NGS). There were 114 miRNAs with significant fold changes of MMCs treated with HG + Angpt2, when compared with those treated with HG. Of 114 miRNAs, 71 miRNAs were upregulated and 43 miRNAs were downregulated. We excluded miRNAs with raw read counts ≤10. Finally, eight significant miRNAs were represented by heatmap, and the pathophysiologic function of their targets was analyzed by Ingenuity Pathway Analysis (IPA).Figure 3Identification of Potential miRNAs Contributing to Angpt2-Mediated Apoptosis in MMCs under an HG Condition(A) The flowchart of miRNA identification and selection. (B) The heatmap revealed differentially expressed miRNAs from MMCs treated with HG + Angpt2 or HG with *Z* score values. The *Z* score of each miRNA is its expression level's relationship to the mean of expression levels of all miRNAs. (C) Ingenuity Pathway Analysis (IPA) of miR-33-5p profiles of Angpt2-treated MMCs under an HG condition. (D) miR-33-5p levels in MMCs. MMCs were treated with or without Angpt2 under an NG or HG condition for 12 hr. miR-33-5p levels were assessed by real-time qPCR. The bar graph represents the mean ± SEM of at least three independent experiments. \*p \< 0.05 and \*\*\*p \< 0.001 by ANOVA followed by the post hoc test adjusted with a Tukey correction.

Of eight miRNAs, we found miR-33-5p expression was decreased in MMCs treated with both HG and Angpt2, when compared to those treated with HG only ([Figure 3](#fig3){ref-type="fig"}B), and this finding correlated with glomerular injury according to IPA ([Figure 3](#fig3){ref-type="fig"}C). Furthermore, RT-PCR was utilized to examine miR-33-5p expression in MMCs. miR-33-5p expression decreased in MMCs treated with HG, and Angpt2 caused a greater decrease in miR-33-5p expression in MMCs treated with HG at 12 hr ([Figure 3](#fig3){ref-type="fig"}D). These data show that miR-33-5p may participate in the synergistic effect of Angpt2 on apoptosis induction in MMCs.

Angpt2 Induces MMC Apoptosis by miR-33-5p Inhibition under an HG Condition {#sec2.4}
--------------------------------------------------------------------------

To examine the role of miR-33-5p in Angpt2-induced MMC apoptosis under an HG condition, we used miR-33-5p mimic and inhibitor to assess the proapoptotic effect of Angpt2 on MMCs. As shown in [Figure 4](#fig4){ref-type="fig"}A, miR-33-5p mimic reversed Angpt2-induced apoptosis in MMCs under an HG condition. Conversely, miR-33-5p inhibitor mimicked the effect of Angpt2 on apoptosis induction in MMCs under an HG condition ([Figure 4](#fig4){ref-type="fig"}B). These results support our hypothesis that Angpt2 induces MC apoptosis through miR-33-5p inhibition under an HG condition.Figure 4Angpt2-Induced MMC Apoptosis Is Mediated by miR-33-5p Inhibition under an HG Condition(A) miR-33-5p mimics prevent the synergistic effect of Angpt2 on apoptosis induction in MMCs under an HG condition. MMCs were transfected with either miR-33-5p mimic (200 nM) or control of mimic (miR-NC, 200 nM) for 24 hr and treated with Angpt2 (300 ng/mL) under an NG or HG condition for 24 hr. Apoptotic cells were assessed by flow cytometry with Annexin-V/PI double staining. (B) miR-33-5p inhibitor mimicked the effect of Angpt2 on apoptosis induction in MMCs under an HG condition. MMCs were transfected with miR-33-5p inhibitor (50 nM) or control of inhibitor (anti-miR-NC, 50 nM) for 24 hr and then incubated under an NG or HG condition for 24 hr. The bar graph represents the mean ± SEM of at least three independent experiments. \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.001 by ANOVA followed by the post hoc test adjusted with a Tukey correction.

SOCS5 as a Direct Target of miR-33-5p {#sec2.5}
-------------------------------------

Since Angpt2 caused MMC apoptosis by the modulation of miR-33-5p, we further examined the miR-33-5p downstream target, which contributes to Angpt2-mediated apoptosis in MMCs. We conducted bioinformatic predictions using miRmap and TargetScan (version 7.1). These two databases indicated that the 3′ UTR of SOCS5 contains the target seed sequence against miR-33-5p, which is conserved among humans, mice, and rabbits ([Figure 5](#fig5){ref-type="fig"}A). The species-conserved miR-33-5p seed sequence in the 3′ UTR of SOCS5 is shown in [Figure 5](#fig5){ref-type="fig"}B.Figure 5Suppressor of Cytokine Signaling 5 Is a Direct Target of miR-33-5p in MMCs(A) The predictive binding score of miR-33-5p and suppressor of cytokine signaling 5 (SOCS5) mRNA according to miRmap database. (B) A schematic representation of sequence alignment of SOCS5 mRNA 3′ UTR based on TargetScan 7.1 version. (C) Luciferase activity was repressed by endogenous miR-33-5p. HEK293 cells were cotransfected with pGL3-SOCS5-3′ UTR luciferase plasmid/pRL-TK Renilla (1:8) or pGL3-SOCS5-3′ UTR MT luciferase plasmid/pRL-TK Renilla (1:8) with various miRNA mimics (control mimic or miR-33-5p mimic) by DharmaFECT Duo transfection reagent after 48 hr, and both firefly and Renilla luciferase activities were quantified using the Dual-Glo Luciferase Assay System. Endogenous SOCS5 in MMCs was regulated by miR-33-5p under an HG condition. (D and E) miR-33-5p inhibitor (D) enhanced and miR-33-5p mimic (E) suppressed SOCS5 expression in MMCs under an NG or HG condition. Cells were transfected with either miR-33-5p inhibitor or miR-33-5p mimic, and, 24 hr after transfection, the cells were treated with Angpt2 for 24 hr under an NG or HG condition. Western blotting was utilized to measure SOCS5 protein expression. (F) Angpt2 increased SOCS5 expression in MMCs under an NG condition, and it augmented SOCS5 expression in MMCs under an HG condition. Western blotting and quantitative analysis of SOCS5 was performed in MMCs treated with Angpt2 under NG or HG for 24 hr. (G and H) The expression of SOCS5 in the MCs of kidneys in mice (G) and humans (H). The kidney sections of C57BL/6 mice, non-diabetic db/m mice, diabetic db/db mice, and human donors (upper tract urothelial carcinoma, UTUC with normal kidney function and normal glomerulus) and patients with DN were co-stained with SOCS5 (brown) and α-SMA (green). The bar graph represents the mean ± SEM of at least three independent experiments. \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.001 by ANOVA followed by the post hoc test adjusted with a Tukey correction.

miR-33-5p mimics reduced luciferase activity of SOCS5-3′ UTR plasmid when compared to control mimic transfection ([Figure 5](#fig5){ref-type="fig"}C). miR-33-5p inhibitor increased SOCS5 levels, mimicking the effect of HG and Angpt2 in MMCs ([Figure 5](#fig5){ref-type="fig"}D). miR-33-5p mimic prevented the upregulation of SOCS5 in MMCs treated with either NG or HG ([Figure 5](#fig5){ref-type="fig"}E). HG increased the expression of SOCS5 in MMCs, and Angpt2 potentiated SOCS5 upregulation in MMCs under an HG condition at 24 hr ([Figure 5](#fig5){ref-type="fig"}F). In addition, levels of SOCS5 protein expression were higher in the MCs of kidney sections of diabetic db/db mice than in those of C57BL/6 mice and non-diabetic db/m mice ([Figure 5](#fig5){ref-type="fig"}G). More importantly, immunohistochemistry (IHC) stain also revealed that levels of SOCS5 were greater in the MCs of kidney sections of type 2 DM patient than in those of upper tract urothelial carcinoma (UTUC) patients with normal kidney function and normal glomerulus ([Figure 5](#fig5){ref-type="fig"}H). Thus, Angpt2 increases SOCS5 expression by miR-33-5p inhibition, and SOCS5 may participate in Angpt2 mediating the signal pathway of DN.

Angpt2 Augments MMC Apoptosis through JAK1/STAT3 Pathway Inhibition by SOCS5 Upregulation under an HG Condition {#sec2.6}
---------------------------------------------------------------------------------------------------------------

SOCS5 has been regarded as an intracellular negative regulator of JAK/STAT signaling, which regulates cellular survival and proliferation.[@bib23] Thus, we investigated whether the SOCS5-JAK1-STAT3 regulatory loop is involved in Angpt2-mediated MMC apoptosis of DN. Western blotting showed both phospho-JAK1:JAK1 and phospho-STAT3:STAT3 ratios decreased in MMCs treated with HG at 24 hr ([Figures 6](#fig6){ref-type="fig"}A and 6B). Angpt2 not only decreased phospho-JAK1:JAK1 and phospho-STAT3:STAT3 ratios in MMCs under an NG condition but also it aggravated the decrease in phospho-JAK1:JAK1 and phospho-STAT3:STAT3 ratios in MMCs under an HG condition. Moreover, we silenced SOCS5 by small interfering RNA (siRNA) transfection in MMCs, and we found that the effect of Angpt2 on apoptosis induction was prevented by SOCS5 siRNA ([Figures 6](#fig6){ref-type="fig"}C and 6D). Thus, Angpt2 causes MC apoptosis through SOCS5 upregulation, which in turn decreases JAK1/STAT3 activation.Figure 6Angpt2 Induced MMC Apoptosis through the SOCS5/JAK1/STAT3 Pathway under an HG Condition(A and B) Angpt2 reduced the phosphorylated JAK1:JAK1 ratio (A) and phosphorylated STAT3:STAT3 ratio (B) in MMCs under an NG condition, and it aggravated both reductions in MMCs under an HG condition. Western blotting and quantitative analysis of phosphorylated Janus kinase 1 (JAK1), total JAK1, phosphorylated signal transducer and activator of transcription 3 (STAT3), and total STAT3 were performed in MMCs treated with Angpt2 under an NG or HG condition for 24 hr. (C) Efficacy of SOCS5 siRNA in MMCs. (D) SOCS5 siRNA prevented Angpt2-induced apoptosis in MMCs under an HG condition. Cells were transfected with SOCS5 siRNA, and, 24 hr after transfection, the cells were treated with Angpt2 for 48 hr under an NG or HG condition. Apoptotic cell counts were assessed by flow cytometry with Annexin-V/PI double staining. The bar graph represents the mean ± SEM of at least three independent experiments. \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.001 by Student's t test or ANOVA followed by the post hoc test adjusted with a Tukey correction.

Urinary miR-33-5p Levels Are Negatively Correlated with Serum Angpt2 Levels and Urine ACR in Mice and Type 2 DM Patients {#sec2.7}
------------------------------------------------------------------------------------------------------------------------

Our *in vitro* study demonstrated that Angpt2 induces MMC apoptosis through miR-33-5p inhibition under an HG condition. We further applied our hypothesis in animal and human studies. We also examined urinary miR-33-5p expression in db/m mice (n = 3) and db/db mice (n = 3). The db/db mice had less urinary miR-33-5p expression than the db/m mice ([Figure 7](#fig7){ref-type="fig"}A), and urinary miR-33-5p levels were negatively correlated with urinary ACR and serum Angpt2 in mice ([Figures 7](#fig7){ref-type="fig"}B and 7C). Furthermore, type 2 DM patients also had lower urinary miR-33-5p levels when compared to normal individuals ([Figure 7](#fig7){ref-type="fig"}D). Study participants with the quartile 1 of urinary miR-33-5p level had higher urinary ACR and serum Angpt2 levels than those with quartile 4 of urinary miR-33-5p levels ([Figures 7](#fig7){ref-type="fig"}E and 7F). Consistent with the results of the *in vitro* study, miR-33-5p participates in the mechanism of Angpt2-mediated kidney injury, and urinary miR-33-5p has the potential for predicting kidney dysfunction.Figure 7Urinary miR-33-5p Is Negatively Correlated with Renal Dysfunction and Serum Angpt2 in Mice and Humans(A) Urinary miR-33-5p levels were lower in db/db mice (n = 3) compared to db/m mice (n = 3). (B and C) Urinary miR-33-5p was negatively correlated with urinary ACR (B) and serum Angpt2 (C) in mice. (D) Urinary miR-33-5p levels were lower in type 2 DM patients (n = 63) compared to healthy individuals (n = 34). (E and F) Urinary miR-33-5p levels were negatively correlated with urinary ACR (E) and serum Angpt2 (F) in human participants. Extracellular vesicular miR-33-5p in the urine of mice and humans was isolated and then assessed by real-time qPCR. Magnetic Luminex Assay was used to assess serum Angpt2. Urine albumin was measured using an immunoturbidimetric assay, and urine creatinine was determined by the enzymatic method. The bar graph represents the mean ± SEM. \*p \< 0.05 and \*\*p \< 0.01 by Student's t test or ANOVA followed by the post hoc test adjusted with a Tukey correction, and p value of correlation was analyzed by Spearman analysis.

Discussion {#sec3}
==========

DN is the leading cause of end-stage renal disease worldwide.[@bib1], [@bib24] It is very important to detect the early signs of DN and prevent it from progressing to end-stage renal disease. In this cross-disciplinary study, we found that serum Angpt2 is elevated in both db/db mice and type 2 DM patients and is correlated with the severity of albuminuria. Angpt2 synergistically induces MMC apoptosis under an HG condition via an intrinsic proapoptotic pathway, which is triggered by miR-33-5p downregulation. miR-33-5p downregulation leads to increases in SOCS5, resulting in the inhibition of cell survival JAK1 and STAT3 signaling transduction. Decreased levels of miR-33-5p are found in the urine of db/db mice. Furthermore, we demonstrate that urinary miR-33-5p levels negatively correlate with kidney function in type 2 DM patients. Therefore, we have gained new insights into understanding the unique regulation of Angpt2-miR33-5p that accounts for DN development in type 2 DM patients ([Figure 8](#fig8){ref-type="fig"}).Figure 8Illustration of the Mechanism of Angpt2-Induced Apoptosis in MCs through the miR-33-5p-SOCS5 Loop in DN

Our previous study has demonstrated that Angpt2 is an independent predictor of rapid renal function decline and the need for commencing dialysis in DN patients.[@bib14] Circulating Angpt2 levels can reflect the severity of renal injury in DM. Upregulation of Angpt2 was also found in a mouse model of streptomycin-induced DN.[@bib25], [@bib26] Elevated Angpt2 levels contribute deregulating capillary growth and structural features, resulting from the effect of Angpt2 on endothelial cell junction destabilization, lumen enlargement, and endothelial cell-pericyte disruption.[@bib27] In addition, specific overexpression of Angpt2 in podocytes causes glomerular endothelial cell apoptosis.[@bib28] In this study, we have found that Angpt2 has a synergistic effect on apoptosis induction in MCs under an HG condition, whereas MCs are known to play a crucial role in maintaining the structure and function of the glomerular filtration barrier.[@bib2] Angpt2 decreases the expression of antiapoptotic Bcl-2 and Bcl-XL proteins in favor of caspase-9 and caspase-3 activation. Also, blockade of Tie2 by neutralization antibody prevents the synergistic effect of Angpt2 on MC apoptosis under an HG condition, providing Tie2 a new role in the MC survival regulation. Significantly, higher circulating Angpt2 is found in both diabetic mice and type 2 DM patients, and elevated circulating Angpt2 is associated with higher albuminuria, as an early marker of DN. We believe upregulated Angpt2 is involved in the disruption of the glomerular filtration barrier, thereby resulting in renal injury in DM.

Angpt2 mediates the cross-talk between glomerular endothelial cells (GECs) and podocytes, resulting in renal dysfunction.[@bib29] Vascular endothelial cells have been claimed as the primary source of Angp2.[@bib30], [@bib31] In our [Supplemental Information](#appsec2){ref-type="sec"}, HG increases Angpt2 mRNA in GECs ([Figure S3](#mmc1){ref-type="supplementary-material"}A), but very low levels of Angpt2 protein can be detected in the supernatant of GECs treated with HG ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Urinary Angpt2 levels are also undetectable in both diabetic mice and type 2 DM patients with high circulating Angpt2 levels ([Figure S2](#mmc1){ref-type="supplementary-material"}). Therefore, we suppose systemic circulating Angpt2, not local production of Angpt2 in the kidney microenvironment, contributes to MC apoptosis in DN.

Emerging evidence indicates that miRNAs are dysregulated in kidneys, contributing to adverse DN progression.[@bib32], [@bib33] Exploring their role and regulatory network in the course of DN progression enables physicians to restrict the loss of renal function. The combination of NGS and IPA confirms that miR-33-5p has potential predictive activity of glomerular injury. Previous studies have reported that miR-33 deficiency inhibits proliferation and fibrosis through the TGF-β/Smad pathway in cardiac fibroblasts.[@bib34] However, whether miR-33 affects MCs under an HG condition is as yet unknown. We found that HG slightly decreases miR-33-5p levels in MCs while Angpt2 dramatically reduces miR-33-5p level in MCs under an HG condition. miR-33-5p inhibitor imitates the synergistic effect of Angpt2 on apoptosis induction in MCs under an HG condition, whereas miR-33-5p mimic prevents Angpt2-induced MC apoptosis under an HG condition. Considering that miR-33 levels are decreased in the urine of patients with type 2 DM and these decreased urine levels are positively associated with serum Angpt2 proangiogenic activity, this suggests that miR-33 might be one of the key factors for Angpt2-derived DN progression and miR-33-5p may have a therapeutic effect on DN.

miRNAs are secreted into the circulation by various mechanisms, such as exosomes, microvesicles, or apoptotic bodies.[@bib35] Because of the stability of miRNAs, they can be quantified in plasma, serum, or body fluids, including urine. Urinary miRNAs have been considered as biomarkers for renal injury.[@bib21], [@bib35] Thus, to examine the predictive activity of miRNAs in renal injury due to DM, we measured urinary miR-33-5p levels in mice and humans. Our findings show that not only type 2 DM patients but also diabetic mice have lower miR-33-5p levels in the urine, and low urinary miR-33-5p is correlated with a high urinary ACR. In addition to the potential therapeutic effect, we think that miR-33-5p is a useful biomarker that can predict the severity of renal injury in DN, enabling clinical physicians to detect early signs of onset or the adverse progression of DN.

The SOCSs have been identified as crucial negative regulators of various cytokines employing JAK/STAT signaling, regulating genes involved in cellular differentiation, proliferation, inflammation, and fibrosis.[@bib23], [@bib36] Previous studies have reported that HG induces apoptosis in retinal epithelial cells and pancreas β cells by promoting SOCS1 signaling.[@bib37], [@bib38] Ortiz-Muñoz et al.[@bib36] have pointed out that SOCS1 and SOCS3 expression increases in diabetic rats. HG induces SOCS1 and SOCS3 expression, and SOCS1 and SOCS3 overexpression diminishes HG-induced STAT1 and JAK2 tyrosine phosphorylation in MCs.[@bib36]

In contrast to SOCS1 and SOCS3, the role of SOCS5 in DN progression remains largely unclear. Our study identifies miR-33-5p as a major regulator of SOCS5, suggesting that it is one mechanism associated with apoptotic cell death in MCs, leading to DN progression. Our results show that HG increases SOCS5 levels in MCs and that Angpt2 dramatically enhances the expression of SOCS5 in MCs, consistent with the synergistic effect of Angpt2 on apoptosis induction. Increased SOCS5 is associated with the inactivation of JAK1 and STAT3 in MCs. Inhibition of SOCS5 by siRNA transfection suppresses Angpt2-induced apoptotic cell death. The pathological role of SOCS5 is also supported by increased levels of SOCS5 in the MCs of kidneys in DM mice and type 2 DM patients. Consequently, we believe Angpt2 induces apoptosis in MCs through the SOCS5/JAK1/STAT3 pathway under miR-33-5p regulation within an HG environment. The pathway of Angpt2-miR-33-5p has the potential to be a therapeutic target of DN in the future.

In conclusion, we demonstrate that Angpt2 induces MC apoptosis via an intrinsic proapoptotic pathway under an HG condition. Angpt2-driven MC apoptosis is mediated by the miR-33-5p-SOCS5 loop. miR-33-5p is predictive of the severity of kidney injury in DN. This study provides future applications in the prediction of DN prognosis and a therapeutic potential of DN. We hope these findings will assist in understanding the mechanisms and clinical care of DN.

Materials and Methods {#sec4}
=====================

Reagents and Antibodies {#sec4.1}
-----------------------

Recombinant mouse Angpt2 proteins (7186-AN), anti-Mouse/Rat Tie2 antibody (AF762), and control polyclonal Goat immunoglobulin G (IgG) (AB-108-C) were purchased from R&D Systems (USA). Antibodies against STAT3 (9139), phospho-STAT3 (Tyr705) (9131), JAK1 (3332), phospho-JAK1 (Tyr1034/1035) (3331S), Bcl-XL (2762), and Bcl-2 (3498); Annexin/PI kits (6592) and caspase-3 activity assay kit (5723); and anti-rabbit (7074S)/mouse (7076S) IgG horseradish peroxidase (HRP)-linked antibody were obtained from Cell Signaling Technology (USA). Caspase-9 activity assay kit (K119) was purchased from BioVision Technologies (USA). GAPDH antibody (MAB374) was obtained from Millipore. SOCS5 antibody (PA1-41253) was obtained from Thermo Fisher Scientific (USA).

Human Study Participants {#sec4.2}
------------------------

We enrolled 63 type 2 DM patients, with estimated glomerular rate ≥30 mL/min/1.73 m^2^, and 34 healthy volunteers in the study. Study participants were asked to fast for at least 12 hr before urine and blood sample collection. All urine and blood samples were aliquoted and stored in a −80°C freezer.

We also collected samples of kidney tissues from four DN patients scheduled for kidney biopsies and four patients receiving nephrectomy because of UTUC. This study was approved by the Institutional Review Board of the Kaohsiung Medical University Hospital (KMUHIRB-G\[II\]20150044, KMUHIRB-G\[I\]20160036, and KMUHIRB-20130089).

Experimental Animals {#sec4.3}
--------------------

The 5-week-old male C57BL/6 mice, pathogen-free male db/m mice (non-diabetic animal model), and db/db mice (type 2 DM animal model) were purchased from the National Laboratory Animal Center in Taiwan. At the 12^th^ week, we collected blood and urine samples and then harvested the kidneys. The kidneys were fixed in 4% paraformaldehyde. All animal experiments in this study were in strict agreement with Kaohsiung Medical University and Use Committee.

Quantification of Serum and Urinary Angpt2 and Angpt1 and Urinary ACR in Humans and Mice {#sec4.4}
----------------------------------------------------------------------------------------

Levels of Angpt2 and Angpt1 in serum and urine of humans and mice were measured using Magnetic Luminex Assay (LXSAHM[,]{.ul} R&D Systems, USA). Levels of urinary albumin in humans and mice were measured using immunoturbidimetric assay with Tina-quant Albumin Gen.2 (ALBT2, Roche, USA). Concentrations of urine creatinine in humans and mice were measured using the enzymatic method (creatinine plus version 2, CREP2, Roche, USA).

Cell Line and Cell Culture {#sec4.5}
--------------------------

MMCs (CRL1927) and HEK293 cells were purchased from the American Type Culture Collection. MMCs were cultured in growth media of DMEM with NG (5.5 mM; Gibco, USA), supplemented with 5% fetal bovine serum (FBS). HEK293 cells were cultured in DMEM containing 10% FBS. All experiments treated MMCs with NG (5.5 mM) or HG (25 mM; Lonza, Switzerland) in cell culture medium containing 1% FBS.

Cell Viability Assay {#sec4.6}
--------------------

The viability of MMCs was determined by using WST-1 Cell Proliferation Assay (Clontech Laboratories, Mountain View, CA, USA). MMCs (5 × 10^3^ cells/well) were seeded in 96-well plates for 24 hr. Cells were cultured under NG or HG conditions, with or without mouse recombinant Angpt2 protein (300 ng/mL), for 48 hr. Cells were incubated with WST-1 substrate at 37°C for 1 hr, and absorbance at 450 nm was detected using an ELISA reader.

RNA Sequencing {#sec4.7}
--------------

MMCs were cultured in an HG condition with or without mouse recombinant Angpt2 protein (300 ng/mL) for 48 hr. Expression profiles of miRNAs of cells were performed with NGS. Total RNA from harvested cells was extracted by Trizol Reagent (Invitrogen, USA), and it was readied for further RNA preparation and sequencing analysis of small RNA sequencing (RNA-seq) by Welgene Biotechnology (Taipei, Taiwan). The quality of extracted RNA was confirmed by RNA integrity number (RIN) using an Agilent Bioanalyzer (Agilent Technologies, USA).

To construct the small RNA library and perform deep sequencing, samples were prepared using an Illumina sample preparation kit according to the TruSeq Small RNA Sample Preparation Guide. Total RNA was ligated with 3′ and 5′ adapters and reverse transcribed into cDNA by PCR amplification. The harvested cDNA constructs were fractionated by size on a 6% PAGE, and the bands containing 18- to 40-nt RNA fragments (140--155 nt in length with both adapters) were purified. Libraries were then sequenced on an Illumina GAIIx instrument (50-cycle single read), and the sequencing results were processed with the Illumina software. The criteria for differentially expressed miRNAs between cells cultured in HG with Angpt2 and HG only were set at fold change \>2 and reads per million (RPM) \>10. TargetScan and miRmap database were utilized to screen the targets of selected miRNAs. These miRNAs targets were further analyzed using IPA software (Ingenuity Systems, Redwood City, CA, USA) to understand the pathophysiological functions of miRNAs.

RNA extraction and RT-PCR {#sec4.8}
-------------------------

Extracellular vesicular RNAs of human and mouse urine (5 mL) were isolated using the Urine Exosome RNA Isolation Kit (47200, NORGEN, Canada), following the manufacturer's protocol. The cDNA was prepared by an oligo (dT) primer and RT (Takara, Shiga, Japan) after RNA extraction. miRNAs were reverse transcribed using the Mir-X miRNA First Strand Synthesis Kit (638313, Takara, Japan). Quantitative RNA and miRNA analysis was performed using SYBR Green on the StepOnePlus Real time PCR system (Applied Biosystems, Foster City, CA, USA). PCR reaction was carried out with the following temperature profile: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Relative expression levels of the mRNA and miRNA in cells were normalized to GAPDH or U6, respectively. miRNAs in extracellular vesicles isolated from urine were normalized with cel-miR-39 (Exiqon, Vedbaek, Denmark) as a spike-in control and compared with a reference sample. The primers used are listed in [Table S2](#mmc1){ref-type="supplementary-material"}. Relative expression was presented using the 2^−ΔΔCt^ method. cel-miR-39-3p was utilized as a candidate reference miRNA to normalize the data of qPCR and reduce non-biological variation in the data.[@bib39]

Transient Transfection {#sec4.9}
----------------------

SOCS5 siRNA (25 nM), siRNA-negative control (si-NC, 25 nM), miR-33-5p inhibitor (50 nM), miR-negative control of inhibitor (anti-miR-NC, 50 nM), miR-33-5p mimic (200 nM), and miR-negative control of mimic (miR-NC, 200 nM) (Dharmacon, USA) were transfected into cells by using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, USA), following the manufacturer's instructions.

Measurement of Cell Apoptosis by Flow Cytometry and Caspase-3 and -9 Activity {#sec4.10}
-----------------------------------------------------------------------------

MMCs were cultured in NG and HG, with or without mouse recombinant Angpt2 protein (300 ng/mL), for 48 hr. To evaluate apoptosis, MMCs were double stained by using fluorescein isothiocyanate Annexin-V and propidium iodide (PI) assay kit (Cell Signaling Technology, USA), following the manufacturer's protocols. Samples were analyzed by flow cytometry (BD Accuri C6 Plus personal flow cytometer, Becton Dickinson, USA). Cell apoptosis was expressed as the percentage of cells with Annexin-V and PI double staining in total cell populations

Caspase-3 and -9 were detected by caspase-3 and -9 activity assay kit (BioVision Technologies, USA), following the manufacturer's instructions, and they were analyzed using a fluorescence plate reader, with excitation at 380 nm and emission at 420--460 nm.

Western Blot Analysis {#sec4.11}
---------------------

MMCs were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer (EMD Millipore, USA). Equal amounts of protein were subjected to 9%--11% SDS-PAGE for electrophoresis, followed by transfer onto an Immobilon-polyvinylidene fluoride (PVDF) membrane. Membranes were blocked with 5% blocking buffer and sequentially immunoblotted with each primary antibody overnight at 4°C. Membranes were washed with Tris-buffered saline (TBS) Tween-20, then incubated with an HRP-conjugated secondary antibody. Corresponding bands were detected using a chemiluminescence HRP substrate kit (Millipore, USA). The chemiluminescence signal was analyzed using Proteinsimple+Fluorchem Q system (Alpha Innotech, USA). The densitometry of the bands was analyzed using ImageJ software (USA).

Luciferase Reporter Assay {#sec4.12}
-------------------------

HEK293 cells (1 × 10^4^/well) were seeded in 96-well plates and incubated for 24 hr before transfection. Cells were cotransfected with pGL3-SOCS5-3′ UTR luciferase plasmid/pRL-TK Renilla (1:8) or pGL3-SOCS5-3′ UTR MT luciferase plasmid/pRL-TK Renilla (1:8) with various miRNA mimics (control mimic or miR-33-5p mimic) by DharmaFECT Duo transfection regent (Promega, USA) after 48 hr. Both firefly and Renilla luciferase activities were quantified using the Dual-Glo Luciferase Assay System (Promega, USA), according to the manufacturer's instructions.

Immunohistochemistry Stain of Human and Mouse Kidneys {#sec4.13}
-----------------------------------------------------

The kidney tissue sections were fixed in 4% paraformaldehyde for immunohistochemical staining. SOCS5 antibody (GTX104722) (GeneTex) and anti-alpha smooth muscle actin antibody (α-SMA; ab5694, Abcam) were co-stained.

Statistical Analysis {#sec4.14}
--------------------

The continuous variables were expressed as mean ± SEM or median (25^th^ and 75^th^ percentiles), as appropriate. The categorical variables were expressed as percentages. Differences in the distribution of categorical variables were tested using the chi-square test. Skewed distribution continuous variables were log transformed to attain normal distribution. The association among continuous variables was examined by Spearman correlation. The significance of differences in continuous variables between groups was tested using Student's t test or one-way ANOVA, followed by the post hoc test adjusted with a Tukey correction, as appropriate.
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